Bradykinesia and rigidity are the symptoms that most directly correlate with loss of striatal dopamine in Parkinson's disease. In the hemiparkinsonian (HP) monkey, this is represented by paucity of movement as measured by computerized movement analysis, diminished manual dexterity on clinical examination, and diminished performance on operant behavioral tasks. The present study used an MPTP-induced HP model in rhesus monkeys to evaluate the effectiveness of adrenal medullary and peripheral nerve co-grafts in diminishing parkinsonian symptoms. Unoperated controls (/V = 4), surgical controls with caudate lesioning (N = 4), and caudate co-grafted (A' = 4) HP monkeys demonstrated diminished movement in the home cage following MPTP. This behavior persisted in unoperated controls, but improved in both surgical control and co-grafted monkeys. Functional hand dexterity evaluations demonstrated similar impairment in all three groups, but only surgical controls and co-grafted monkeys demonstrated improvement. In general, rotational behavior in response to apomorphine was consistent with recovery of function in surgical controls and cografted monkeys, but marked between-subject variability precluded group statistical analyses. None of the monkeys could perform the operant task using the affected limb following MPTP. However, the performance of two co-grafted animals demonstrated partial recovery. L-dopa improved operant performance, demonstrat ing a dopaminergic component to the task. The results demonstrate recovery of behavioral function after surgical treatment, with adrenal co-grafted monkeys showing the greatest degree of improvement.
INTRODUCTION
Every year, more than 5(),()(X) new patients are diag nosed with Parkinson's disease, and this neurological dis order currently afflicts over 1 million Americans (27) . The motor capabilities of the patient deteriorate and are characterized by resting tremor, deficits in initiating vol untary movement, rigidity, stooped posture, and festinating gait (1) . The onset of symptoms is due to a pro gressive degeneration process involving the death of dopaminergic neurons in the zona compacta of the sub stantia nigra (17) . The cell loss is responsible for a pro found decrease in dopamine (DA) in the substantia nigra and all regions of the basal ganglia that are targets of the ascending DA pathways, including the putamen, caudate nucleus, globus pallidus, and nucleus accumbens (18) .
The neurotoxin l-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) produces parkinsonian symptoms in humans and nonhuman primates (3, 6, 23) . The neuro toxin was identified initially in human drug abusers who had self-administered an analog of meperidine, which binds with high affinity to cell membranes in the sub stantia nigra, locus ceruleus, and striatum (20) . These individuals exhibited the motor deficits that are closely associated with Parkinson's disease (3, 23) . Like Parkin son's disease, the MPTP-induced parkinsonism results from the selective destruction of dopaminergic neurons in substantia nigra (6, 15, 24) and the subsequent severity of DA depletion in the striatum is correlated with the occurrence of Parkinson-like symptoms (12) . Similar to human parkinsonian patients, rhesus monkeys that have undergone MPTP treatment display a delayed onset of voluntary activity. The similarity in clinical observations and pathology of MPTP-induced parkinsonism in nonhuman primates represents a valid model of the human parkinsonian patient (6, 11) .
Effective drags are available to treat the symptoms of Parkinson's disease. The most notable, Sinemet (com bined L-dopa and carbidopa), is synthesized into dopa mine in the brain and improves parkinsonian symptoms with significant efficacy (14, 25) . However, side effects, including involuntary movements and hallucinations, have made it necessary to explore improved treatments (7, 16) . A viable alternative involves the grafting of neu ral tissue into compromised areas of the central nervous system in order to restore motor function. Previous stud ies reporting modest improvement in grafted animals support efforts to enhance host-graft interactions in or der to provide prolonged treatment efficacy in human patients (2) . Although fetal grafts are the "gold stan dard," alternative tissues are being explored. We elected to use autologous adrenal medullary tissue co-grafted with peripheral nerve to enhance chromaffin cell sur vival as demonstrated in rodents (9, 13) , monkeys (22, 31) , and humans (10, 32) . Accordingly, co-grafting of tissue from the adrenal medulla and peripheral nerve into the caudate may effectively increase dopaminergic activity in parkinsonian patients, thus yielding signifi cant and prolonged improvements in motor function.
The present study used a hemiparkinsonian model in rhesus monkeys to assess the effectiveness of adrenal medullary tissue and sural nerve co-grafts into the le sioned caudate nucleus in reversing MPTP-induced mo tor deficits. Hand dexterity assessments and monitoring of rotational behavior were used to evaluate the extent of MPTP-induced neurological damage and to quantify the recovery of function postsurgical treatment. In addi tion, complex operant behavior involving a bimanual vi sual-motor task was used as an objective measure to characterize recovery of motor function. While many behavioral studies of MPTP in nonhuman primates have relied on visual observation of behavior or automated analysis of activity levels, few have taken advantage of the greater sensitivity provided by learned, operant be havior under stimulus control (11, 31) .
MATERIALS AND METHODS

Subjects
Twelve experimentally naive, adult, female rhesus monkeys (Macaca mulatto) served as subjects. The sub jects were maintained on a daily diet of commercial lab oratory chow, vegetables, and fruit, and received their daily ration of food after behavioral test sessions. Water was available at all times. The subjects were housed in dividually in stainless steel cages between test sessions, and were transported from their home cage to the experi mental chamber via a portable transfer box. An electromechanical dispenser delivered 300-mg food pellets to the monkey after appropriate responses. The entire experimental apparatus was located within a sound-and light-attenuating enclosure.
Behavioral Testing
Hand dexterity assessments were conducted on a 
MPTP Administration
The monkey was sedated with ketamine (10.0-15.0 mg/kg, IM) and pentobarbital (10.0 mg/kg, IM). Subse quently, an IV line was established through which anes thetics were administered and titrated to the animal's needs. A linear incision of approximately 2 cm was made along the medial border of the sternocleidomastoid muscle at the level of the mandibular angle. Sharp and blunt dissection was used to isolate the internal and ex ternal carotid arteries. Occlusion of the external carotid artery was established using a temporary aneurysm clip, and a 25-gauge butterfly needle was inserted into the common carotid artery. A dose of 0.4 mg/kg MPTP dis solved in sterile saline was infused over a 20-min pe riod. The aneurysm clip was then removed, and blood flow was reestablished through the external carotid ar tery. The animal was kept in isolation for 48 h to contain contamination and to prevent human exposure to MPTP and its metabolites [cf. (29)]. The unilateral intracarotid injection of MPTP produced hemiparkinsonian symp toms such as those described previously by Bankiewicz et al. (4) . Repeat injections were performed if the lesion was not severe enough or spontaneous recovery oc curred (31) .
Transplantation Procedures
During an 18-week period following MPTP adminis tration, behavioral data were obtained to determine that there was no evidence of change (i.e., spontaneous re covery) in the use of either arm. After this period, a cograft was placed in the caudate as described by Watts et al. (31) . In brief, the adrenal gland was located and re moved via a midline abdominal incision. Under a Zeiss operating microscope (25x), the adrenal medulla was bi sected longitudinally, and the adrenal cortex was dis sected free of the medullary tissue using microsurgical techniques. Concurrently, the sural nerve was isolated via an incision just lateral to the lesser saphenous vein from the popliteal space to the lateral malleolus. Under an operating microscope, the epineurium was removed, and individual fascicles were separated with fine forceps and cut into 5-mm lengths. A small cortical window was made in the first frontal gyrus, and tissue was aspirated down to the ventricular wall. The caudate was visualized in the microscope so as to facilitate creation of a cavity in avascular areas using a micropituitary biopsy rongeur (0.6 mm). While maintaining meticulous hemostasis and under direct visualization, the adrenal graft was sur rounded and embedded in sural nerve fragments and then placed in the caudate to a depth of 4 mm. The cavity was filled with saline, the dura closed, the bone flap replaced, and the wound closed in anatomical lay ers. In the immediate postoperative period, dexametha sone (Decadron, 4.0 mg, IM, qd), butorphanol (0.10 mg), and flunixin meglumine (Banamine, 10.0 mg, q6h) were administered. After a 1-week, postsurgical recov ery period, behavioral testing resumed and continued for a minimum of 30 weeks.
Immunocytochemistry
At the conclusion of the experiment, the monkey was sedated with ketamine (IM) and deeply anesthetized with sodium pentobarbital (IV). The subject was heparinized (10,000 units) and euthanized via intracardiac perfusion with cold 0.9% sodium chloride in 0.1 M phosphate buffer (pH 7.4). The skull was opened rapidly with an oscillating saw, the dura removed, and a coronal incision made to transect the brain between the two graft sites. The anterior graft was used for biochemical analy sis, and the posterior graft was used for anatomical anal ysis. The brain was postfixed in 4% paraformaldehyde in 0.01 M sodium phosphate buffer (pH 7.4) and then cryoprotected in 30% sucrose. Serial sections (50 pm) were cut in a coronal plane using a sledge microtome with freezing stage.
The substantia nigra, basal ganglia, and regions of the graft were analyzed with immunocytochemical localiza tion of tyrosine hydroxylase immunoreactivity (TH-ir), dopamine P-hydroxylase immunoreactivity (DBH-ir), glial fibrillary acidic protein (GFAP-ir), or nerve growth factor receptor (NGF-ir) on a serial basis. Immunocyto chemistry was carried out by first blocking to quench endogenous peroxidase activity by incubation using 0.3% hydrogen peroxide in absolute methanol for 30 min. The sections were rinsed in 0.02% Triton X-100 in sodium phosphate buffer for 10 min x 2, then placed in 10% sucrose in sodium phosphate buffer/Triton for 24 h. After rinsing, background staining was blocked with a 1-h incubation in a sodium phosphate buffer solution containing 0.1% sodium azide, 0.05% Triton X-100, 1% normal goat serum, and 0.01 M L-lysine. Sections were incubated with the primary antibody TH (Eugene Tech 1:1000, or DBH Eugene Tech 1:200) for 24 to 48 h at 4°C. The sections were rinsed and incubated with a sec ond biotinylated antibody against the primary antibody (anti-F [Abl] 2 Chemicon) for 2 h at 37°C. Sections were rinsed and processed for immunoperoxidase histo chemistry by the avidin-biotin method (ABC complex; Vector Labs). The sections were again rinsed and then incubated in a freshly mixed, filtered solution of 0.1 M Tris buffer, pH 7.6 (Sigma), with 0.05% diaminobenzidine (Bionetics) and 0.005% hydrogen peroxide for 30 min at 37°C. Sections were then rinsed thoroughly in deionized water, mounted on gelatin-coated slides, air dried, and coverslipped with Permount. Occasional sec tions were counterstained with cresyl violet. Selected sections were immunoreacted for GFAP-ir (R and D, 1: 100) or NGF-ir (gift from Jeffrey H. Kordower, 1: 40,000). Controls were obtained by substituting normal rabbit serum for the primary antibody.
Serial sections were cut at 50 pm in a coronal plane from caudal to rostral through the brain, producing con tinual sections through the entire extent of the striatum. The brain stem was cut separately in the coronal plane. Cresyl violet-luxol fast blue-stained sections served to identify neuroanatomical location. The following discus sion is for the dopaminergic substantia nigra cell counts using stereological methods. The technique is basically the same for co-grafts. The co-graft area is easily demar cated from the striatum, as outlined by TH-ir cell bodies >15 pm in diameter to differentiate them from intrinsic TH-ir cells of the striatum. The Stereologer Software Version 1.2a (1999), developed by Systems Planning and Analysis, Inc., Alexandria, VA, and Johns Hopkins University, was used to determine region volume and TH-ir cell number. In the brain stem, only sections that included the third nerve were counted. Every fourth or fifth section was counted, giving a sampling fraction of 0.25. Region volume of the pars compacta and TH-ir neuron number were measured in seven sections per ani mal. Coronal sections evaluated the entire length of the co-graft in a similar manner.
Biochemistry
Tissue punches obtained from caudate nucleus, puta men, and adrenal medulla were stored in cryovials at -80°C. Tyrosine hydroxylase activity in tissue homogenates was determined in the presence of 10 pM [1- I4 C] tyrosine and 1 mM 6-methyl-5,6,7,8 tetrahydropterin by a decarboxylase-coupled assay (19) . Tissue protein con tent was measured by the method of Lowry et al. (26) using bovine serum albumin as standard.
The cerebral spinal fluid (CSF) levels of 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), and 5-hydroxyindoleacetic acid (5-HIAA) were determined by high performance liquid chromatography with electrochemical detection. Aliquots (100 pi) of cis ternal CSF containing 50 pM ascorbic acid were mixed with 300 pi of ice-cold 0.133 N HC10 4 containing 10 ng/ml of 3,4-dihydroxybenzylamine (DHBA) as internal standard. Samples were vortexed briefly and centrifuged at 27,000 xg at 4°C for 15 min. Supernatant fractions were transferred to autoinjector vials and subjected to HPLC on a Beckman Ultrasphere ODS 5 p column (0.4 x 25 cm). The mobile phase consisted of 100 mM phos phoric acid, 0.1 mM EDTA, 0.45 mM sodium octylsulfate, and 6% acetonitrile in water at pH 2.9, and was pumped at a flow rate of 1.5 ml/min. DHBA, DOPAC, HVA, and 5-HIAA were detected amperometrically (LC4B, Bioanalytical Systems, West Lafayette, IN) at an applied potential of 0.6 V relative to a silver/silver chloride reference electrode. Peak areas were analyzed using AI-450 Chromatography Software (Dionex, Sun nyvale, CA). External standards were analyzed with each assay.
RESULTS
Hand Dexterity
All subjects received a score of 1 on both the small object and large object manipulation tests during the pre-MPTP phase, indicating normal dexterity in the right hand. Post-MPTP, all subjects demonstrated a signifi cant reduction in the movement and manipulation capa bilities of the right hand as determined by the numerical ratings (Fig. 1) . If forced by the research technician to take the food object in the right hand, the subjects would immediately switch the food to the left hand. A strong preference for the left hand was maintained throughout the post-MPTP phase. However, there was improvement (p < 0.05) in the adrenal co-grafted group compared to the nonsurgical group on the small object manipulation task postsurgical treatment, with a mean rating score of 1.5 for the group at 12 months (Fig. 1, left) . There was no main effect of treatment in the surgical control group, but post hoc analysis demonstrated significant improve ment (p < 0.05) compared to the nonsurgical group at 15 months posttreatment. Adrenal co-grafted subjects were the only group to show a trend toward improvement on the large object manipulation task, but the effect was not significant due to large between-subject variability (Fig.  1, right) . Nonsurgical controls showed no improvement on either test over an 18-month study period.
Rotational Behavior
Marked between-subject variability in rotational be havior precluded group statistical analyses. Accordingly, evaluations are descriptive and focus on individual sub jects within each group. Prior to MPTP administration, there was no consistent bias of spontaneous rotational behavior in any group based on the subjects that were evaluated during this phase of the study. In general, MPTP administration caused spontaneous rotations ipsi lateral to the lesion, and apomorphine-induced rotations contralateral to the lesion (Fig. 2) . In adrenal co-grafted subjects, spontaneous rotations were as predicted in three of four subjects (OPE63, N854, and OPE83) with recovery evident in two subjects (OPE63 and N854) postsurgical treatment (Fig. 2, top) . However, subject N854 also showed partial spontaneous recovery prior to surgery. All subjects showed a post-MPTP response to apomorphine and recovery postsurgical treatment, al though recovery was evident in one subject (N690) prior to surgery. Similarly, in surgical control subjects, spon taneous rotations were ipsilateral as predicted in three of four subjects (Y288, MCI30, and MCI59) with some recovery evident in all three subjects postsurgical treat ment (Fig. 2, center) . Three subjects (Y288, MCI30, and MCI59) showed a post-MPTP response to apomorphine and some recovery postsurgical treatment. However, subject MCI59 also showed partial spontaneous reCOV- Months Post Treatment Figure 1 . Hand dexterity was assessed on a monthly basis with manipulation tests during post-MPTP and postsurgery phases. The monkeys were presented sequentially with (left) three small pieces of food (peanuts), followed by (right) a large food object (yam). Impairment rating scores designated 1 as normal and 4 as severely impaired. A two-way ANOVA with repeated measures showed a significant (p < 0.05) improvement in the adrenal co-grafted group compared to the nonsurgical group on the small object manipu lation task. Tukey's post hoc multiple comparisons also showed significant (p < 0.05) improvement in the surgical control group at 15 months posttreatment. Dashed lines indicate 95% confidence limits during the post-MPTP phase preceding surgical treatments. (Fig. 3, bottom) . Similarly, nonsurgi cal controls resumed use of the unimpaired hand in the absence of recovery in the impaired hand.
Deviations of incorrect responses in terms of x,y co- Data are shown for one adrenal co-grafted subject that improved with the impaired hand (Fig. 4, top) and two nonsurgical controls that did not improve with the im paired hand (Fig. 4, bottom) . During the post-MPTP phase, and they failed to recover use of the impaired right hand (Fig. 4, bottom) .
CSF Neurochemistry
Quantification 
Tissue Neurochemistry and Neuroanatomy
All monkeys had severe TH-ir neuronal loss in the substantia nigra pars compacta (range 85-96% loss).
The TH activity for the lesioned caudate (N=\2) was and extended deep into the putamen (Fig. 6 ).
DISCUSSION
Unilateral administration of MPTP in rhesus mon keys induced a state of hemiparkinsonism that was char acterized by hand dexterity assessment, rotational be havior, and operant behavioral performance. Adrenal co-grafted monkeys improved significantly on blinded subjective ratings of hand dexterity compared to nonsur- Table 1 There is a critical need to identify the mechanisms of idiopathic Parkinson's disease and to develop more effective strategies for treating and preventing the dis ease in humans. The identification of MPTP as a potent, highly specific neurotoxin that can induce a syndrome clinically similar to Parkinson's disease represents major progress in addressing this health problem. An MPTPinduced, parkinsonian-like syndrome that included be havioral, neurochemical, and pathological changes has been reported previously in the rhesus monkey (Macaca mulatto) (6), squirrel monkey (Saimiri sciureus) (24) , crab-eating macaque (Macaca fascicularis) (8) , and marmoset (Callithrix jacchus) (21) . Therefore, the dem onstrated efficacy of a behavioral assessment protocol and a central nervous system grafting technique in nonhuman primates offers promise for the discovery and development of similar modes of treatment that can be effective in humans.
In the present study, the HP monkeys demonstrated marked difficulty with use of the contralateral hand when evaluated by manipulation of both small and large food items. However, there was significant clinical im provement in hand dexterity following adrenal co-grafts that was evident during the first 3 months postsurgery, and this improvement was sustained throughout the 12-month study period. Although surgical controls also showed significant improvement in hand dexterity, the modest improvement was not observed until 15 months postsurgery, and there was no trend toward improve ment on the large object manipulation test as observed in adrenal co-grafted subjects. In general, rotational be havior was consistent with the results reported for hand dexterity assessments. As predicted, most HP monkeys demonstrated spontaneous rotation toward the side of the lesion within days following MPTP administration. Acute administration of the dopamine direct agonist, apomorphine, reversed the spontaneous direction of turning and induced rotation contralateral to the lesion, indicative of dopamine receptor supersensitivity. Impor tantly, both the adrenal co-grafted subjects and the surgi cal controls exhibited normalization of spontaneous ac tivity and diminished effectiveness of apomorphine to induce contralateral rotation following surgical treat ment. In contrast, nonsurgical controls tended to worsen over an 18-month study period. It is particularly interest ing that the surgical control group exhibited improve ment in behavioral performance in the absence of dopa minergic grafts, even though the improvement was less evident compared to the adrenal co-graft group. These results have been reported previously in rhesus monkey studies of MPTP-induced parkinsonism and have been attributed to the sprouting of host fibers in response to cavitation (30) . Moreover, the neurochemical changes observed postsurgery in the present study support the possibility of enhanced function by the remaining dopa minergic innervation.
Neurochemical determinations in CSF supported be havioral observation of MPTP-induced deficits in motor performance. In all treatment groups, MPTP caused a major reduction in the dopamine metabolites, DOPAC and HVA, with no significant change observed in the primary metabolite of serotonin, 5-HIAA. Hence, MPTPinduced neurotoxicity appeared to be specific for the do paminergic system and was consistent with deficits in motor activity. Following surgery, there were significant increases in DOPAC in both adrenal co-grafted and sur gical controls. However, the increases were transient and the time course of neurochemical changes did not corre spond well with behavioral improvements, which typi cally occurred later in the study. Moreover, there was no obvious relationship between the extent of behavioral improvement and the magnitude of neurochemical change postsurgical treatment in individual subjects. For ex ample, the two adrenal co-grafted subjects showing the greatest behavioral improvements did not show the greatest increases in DOPAC. Lastly, robust adrenal me dulla survival was observed at necropsy even though in creases in DOPAC had dissipated by that time. Collec tively, the results are consistent with previous studies demonstrating that behavioral recovery and graft sur vival are not related to CSF concentrations of dopamine metabolites (5).
The most rigorous evaluation of motor performance involved quantitative assessment of operant behavior us ing a bimanual visual-motor task. Following MPTP ad ministration, the majority of subjects responded to Si nemet challenge with partial recovery of performance, indicating a dopaminergic component underlying the be havioral deficit. However, the only two subjects show ing improvement in the impaired hand postsurgical treat ment had both received adrenal co-grafts. Clearly, recovery of operant behavioral performances provides a conservative estimate of improvement in motor function. One potential explanation concerns the complexity of the learned behavior and the difficulty in maintaining stimulus control of operant behavior in the impaired state. This possibility is supported by the finding that performance often declined in the unimpaired hand post-MPTP. Alternatively, surgical intervention may improve the motor deficits associated with Parkinson's disease without affecting the psychological problems of anhedonia and lack of motivation found in many human parkin sonian patients. Approximately half of all patients diag nosed with Parkinson's disease suffer from depression as a result of the disease. Given the importance of dopa mine in the mesolimbic system and the reward centers of the brain (33) , dopaminergic dysfunction in parkinso nian patients could lead to depression and lack of moti vation. The latter possibility is supported by recent evi dence indicating that psychostimulant responses to the dopamine uptake inhibitor, methylphenidate, are blunted in parkinsonian patients (28) . Further research on the psychological impact of MPTP-induced parkinsonism in nonhuman primates is needed in order to evaluate its effects on operant behavioral performance.
In summary, the HP monkey provided an effective model to evaluate improvements in motor function fol lowing surgical interventions. A battery of behavioral assessments, including hand dexterity measurements, ro tational behavior, and complex, operant behavior, was used to determine the effectiveness of adrenal co-grafts in alleviating parkinsonian symptoms. Co-grafting of ad renal medullary tissue with peripheral neural tissue into lesioned caudate nucleus demonstrated efficacy in re storing motor function. Surgical control subjects also showed some improvement, but to a lesser extent com pared to adrenal co-grafted subjects. This nonhuman pri mate model will be useful in the discovery and develop ment of more effective treatments for Parkinson's disease.
